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 I 
摘要 
海岸带是陆地与海洋生态系统的交错地带，人类对海岸带的开发利用由来已
久，使海岸带的局部地貌产生了很大的变化，然而对人工地貌改变所引发的生态
学研究工作仍较少报道。本文廓清了我国苏北沿海滩涂地区沉积物元素组成的时
空异质性特征，利用多种地学指标对人工地貌影响下沉积物的富营养化水平及重
金属污染水平进行了评估；采用多元分析方法对人工地貌影响下潮间带典型植物
互花米草的株高、基径、叶片厚度、叶片数目、生物量积累等营养生长指标和有
性生殖过程对微环境下元素异质性的响应进行了刻画，并通过对互花米草群落结
构、异速生长特征、组织热值、元素含量等指标的分析，展现人工地貌影响下潮
间带典型植物互花米草生长策略的变迁。 
人工地貌影响下的表层沉积物中生源要素 C、N、S、P 及重金属元素 Al、
Fe、Mn、Pb、Cu、Zn、Cr、Ni、As、Cd 的含量与分布的研究结果表明：人工地
貌导致其周围的沉积物中多种生源要素及重金属元素的富集；人工地貌影响下植
物未定植的区域没有发生元素富集的现象，表明人工地貌、植株定植和植物群落
扩展成为人工地貌导致的生源要素与重金属元素富集过程的关键因素。 
表层沉积物元素组成的主成分分析与聚类分析结果揭示了沉积物元素组成
在时空分布中的相似性与差异性，人工地貌下的沉积物元素组成分配规律更依赖
于堆积过程，导致其沉积物元素组成的聚类特征与自然状况下存在明显分化，并
且影响了以 P-N 为代表的元素间相互关系。沉积物生源要素与重金属元素的分
布可以用代表水力搬运导致的堆积过程与土壤有机碳增加造成的元素亏缺的两
个主成分进行描绘，依照对两个主成分的依赖性，主成分分析将沉积物中的不同
元素归类如下：来源于自然矿物富集的 Al、Fe、Mn、S、Pb、Zn、Ni 等元素；
归因于有机质富集的 C、N、Cd 元素及有机碳；共同受有机碳与自然矿物富集趋
势影响的 Cu 元素；以及因人工地貌影响下有机质富集而产生亏缺的 P 元素，元
素之间的相似性分布说明了在人工地貌影响下元素空间异质性的产生主要来源
于植物碎屑的堆积与不同粒径自然矿物的分选过程。聚类分析补充了主成分分析
的结果，表明了有机碳堆积降解所形成的还原性环境对元素固存状况，沉积物元
素组成的分布归因于自然矿物的堆积，如元素 Al、Fe、Mn、Cr、Zn、Ni；有机
质的积累，如元素 C、Cu、N；以及与 S 循环有关的过程，如元素 Cd、S、As、
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 II 
Pb。 
本研究通过综合使用多种地学指标评估了富营养化水平与重金属暴露的风
险，成功地扩展了地累积指数、富集指数与 Nemerow 综合污染指数等地学指标
的应用范围，并同步对人工地貌影响下植物残体堆积导致的富营养化风险与自然
矿物沉积造成的重金属富集风险进行了综合评估。地累积指数说明海岸带人工地
貌对于沉积物元素组成的环境污染风险侧重于两种生源要素 N、S 以及多种重金
属元素如 Cu、Zn、Cd、As 等，Cu 的地累积指数受到人工地貌的影响最明显，
其均值从背景样点的 -0.48 提高到人工地貌影响区域的 0.43，其污染级别从几乎
无污染提高为无污染到中度污染；富集指数描述了沉积物元素富集过程的驱动因
子，人工地貌的存在对 Cu 富集的增益效果最明显，其富集从背景样点的平均值
1.06 提高到人工地貌影响区域的 1.74；综合地累积指数与富集指数，本研究揭示
了 Cu 是人工地貌周围植物残体堆积与自然矿物沉积共同影响造成沉积物中重金
属富集行为改变的一个良好的指示元素；通过对扩展的 Nemerow 综合污染指数
与传统的 Nemerow 综合污染指数的对比，发现扩展的 Nemerow 综合污染指数通
过将生源要素一并考虑进行估计，可以灵敏地指示出人工地貌改变沉积物元素构
成带来的生态风险。 
苏北潮间带盐沼典型植物互花米草个体生长特征、种群结构、异速生长特征
等多个生长指标，从多角度反映了人工地貌对于水生生态系统的效应。人工地貌
所导致的元素富集环境导致了互花米草株高、基径、叶片数目、地上部生物量等
生长指标的提高，促进了互花米草的营养生长。典型对应分析表明了人工地貌对
互花米草营养生长的促进作用归因于沉积物中富集的 N、Cu、Fe 等多种元素。
不同的营养元素对互花米草营养生长的效应不一：在季节性差异方面，在整个生
长季 N 对互花米草的营养生长均有显著的促进作用，而 Cu、Fe 则只在生长季前
期对互花米草的营养生长具有促进效应；在响应指标方面，N 对互花米草营养的
促进体现在提高了分株的株高与生物量积累，而 Fe 及 Cu 对互花米草营养生长
的促进则体现在提高了分株的株高；在分株偏好方面，N 对互花米草分株营养生
长的改善体现在促进分株整体的生长，而 Fe 及 Cu 对分株营养生长的改善则体
现在解除对优势分株的营养限制。潮水冲击则可能触发了互花米草接触形态建成
（Thigmomorphogenesis）的响应，导致了对生长季前期及中期互花米草株高、基
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径、叶厚、叶片数目、生物量积累的抑制。 
人工地貌虽然缓解了周围互花米草种群的养分缺乏的状况，但却使得种群内
分株转向对光的更强烈竞争，导致互花米草种群夏季的自疏，抑制了种群内幼小
分株的生长，增大了叶片的光合负担，阻碍了叶片正常的凋落过程，使分株进入
有性生殖过程的阈值上升，最终导致在生长季末期其有性生殖能力的下降，体现
为种群的结籽率下降。 
海岸带区域在人类社会的经济和文化发展的进程中起到重要的支撑作用，而
其正在受到土地利用方式改变与海平面上升等诸多方面的威胁。在此背景下，首
次探讨了人工地貌影响下受扰动的水动力过程造成的沉积物元素组成改变及其
对互花米草生活策略的影响。本研究发现在评估人类活动生态学的影响时全面考
虑尺度与生活史特征的重要性。本研究同时还揭示了在海岸带人类开发进程中被
扰乱的水动力因素对周边潮间带生态系统稳定性造成的危害，强调了在未来开发
进程中将水动力扰动所致的沉积物化学计量比的改变作为长期环境影响加以监
测的必要性与紧迫性。 
 
关键词：盐沼湿地；人工地貌；元素计量比；互花米草
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Abstract 
As ecotone between land and ocean ecosystem, coastal system suffers from the 
double influence from land and ocean environment, as well as huge burden from human 
activity. There is long history of coastal development and local landforms have been 
changed as result of human activity, however, the knowledge about potential impact on 
the balance of sediment composition and stability of intertidal ecosystem is rare. The 
presenting research clarifies the spatial-temporal heterogeneity of the sediment 
composition at the intertidal zone at the northern Jiangsu Province, China. 
Eutrophication level and heavy metal pollution risk are assessed using multiple 
geoindicator. Canonical correlation analysis was used to imply the shift of the 
vegetative growth traits such as height, basal diameter, leaf thickness, leaf number, 
biomass, and sexual reproduction process, as respondse to the spatial-temporal 
heterogeneity of sediment conposition at the microenvironment. Transition of the 
growth strategy of typical plant species Spartina alterniflora was revealed with the 
analysis on the traits such as population structure, allometry, calorific value and element 
contents. 
An analysis was done for content of biogenic elements (C, N, S and P) and heavy 
metal elements (Al, Fe, Mn, Pb, Cu, Zn, Cr, Ni, As and Cd) in surficial sediments under 
the impact of artificial landform. Artificial landform resulted in the enrichment of 
multiple biogenic elements and heavy metal elements in its surrounding sediments; 
sediment element composition at the tidewater scouring area in the front of S. 
alterniflora salt-marshes was not affected by artificial landform; there was no 
enrichment of elements in the area without plant establishment under the impact of 
artificial landform, indicating that the impact of artificial landform, plant establishment 
and phytocoenosium extension plays a key role during the process of enrichment of 
biogenic elements and heavy metal elements. 
Similarity and difference of sediment elements composition in spatial and 
temporal distribution were revealed through PCA analysis and clustering analysis, the 
distribution rule of sediment elements composition under artificial landform rested 
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more on the pile-up process, leading to obvious differentiation between the clustering 
feature of sediment elements composition under artificial landform and that under 
natural condition, and influencing the correlativity among elements represented by P-
N relationship. Distribution of biogenic elements and heavy metal elements in 
sediments may be depicted by two main components of pile-up process caused by water 
transporting and element deficiency caused by increasing soil organic carbon, 
indicating that generation of spatial heterogeneity of various elements under the impact 
of artificial landform is mainly originated from the accumulation of phytodetritus and 
separation of natural minerals with different grain diameters. Different elements in 
sediments were divided as follows by PCA based on the dependence on two main 
components: Al, Fe, Mn, S, Pb, Zn, Ni, etc. from enrichment of natural minerals; C, N, 
Cd and organic carbon due to enrichment of organic matters; Cu affected by the 
enrichment tendency of both organic carbon and natural minerals; P with deficiency 
due to enrichment of organic matters under the impact of artificial landform. It was 
shown via clustering analysis that the distribution of sediment elements composition 
under artificial landform was caused by pile-up of natural minerals, such as Al, Fe, Mn, 
Cr, Zn and Ni, accumulation of organic matters, such as C, Cu and N as well as the 
change of redox state, such as Cd, S and As. Multiple geological indicators were 
synthetically applied to estimate the eutrophication level and heavy metal exposure 
related risk. Geo-accumulation indexes, enrichment factor, Nemerow combined 
pollution index and other geological indicators are usually widely applied to assess the 
pollution risk of heavy metal elements, however, the applied range of these geological 
indicators were successfully extended in this research, and synchronously a 
comprehensive assessment was made on the eutrophication risk caused by 
accumulation of plant residues and the heavy metal accumulation risk caused by 
deposition of natural minerals under the impact of artificial landform. Geo-
accumulation indexes show that artificial landform of the coastal zone for 
environmental contamination risk of sediment element composition was mainly placed 
on 2 biogenic elements (i.e.N and S) as well as multiple heavy metal elements (such as 
Cu, Zn, Cd, As, etc); enrichment factors were applied to depict the driving factor during 
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the process of sediment elements enrichment, which proposed that Cu is a good 
indicator element concerning that the joint impact of plant residues accumulation and 
natural minerals deposition around artificial landform results in the heavy metal 
enrichment change; through comparison with the traditional Nemerow combined 
pollution index, it was found that the extended Nemerow combined pollution index may 
sensitively indicate the ecological risk brought by that sediment element composition 
is changed by artificial landform through combined consideration and estimation of 
biogenic elements.  
Effect of artificial landform on aquatic ecosystem was depicted from multiple 
perspectives such as individual growth characteristics, population structure and 
allometric growth characteristics related to spartina alterniflora loisel- the typical plant 
in the area. The element enrichment environment caused by artificial landform resulted 
in the improvement of such growth indexes as plant height, basal diameter, leaf number 
and aboveground biomass of Spartina alterniflora, thus promoting the vegetative 
growth of spartina alterniflora loisel. The acceleration of artificial landform on 
vegetative growth of spartina alterniflora loisel was induced by multiple elements like 
N, Cu and Fe enriched in sediment. Different nutrient elements have different effects 
on vegetative growth of spartina alterniflora loisel: in terms of positive effects on 
seasons, vegetative growth of Spartina alterniflora has an all-season response on the 
difference distribution of N, Cu and Fe have an accelerating effect on vegetative growth 
of S. alterniflora at the early stage of growing season; as to response indicators, the 
acceleration on vegetative growth of S. alterniflora from N is reflected on the 
improvement of plant height of ramet and biomass accumulation, and that from Fe and 
Cu on the improvement of plant height of ramet; regarding ramet preference, the 
improvement on vegetative growth of S. alterniflora from N is reflected on promotion 
of the overall growth of ramet, and the improvement on vegetative growth of ramet 
from Fe and Cu on release of nutrient limitation on dominant ramet. Tidewater impact 
triggered the response of contact morphogenesis of spartina alterniflora loisel, and led 
to the restriction on plant height, basal diameter, leaf thickness, leaf number and 
biomass accumulation of spartina alterniflora loisel during the early and middle stage 
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of growing season, however, no evidence has proven that the existence of artificial dam 
has an influence on contact morphogenesis effect caused by tidewater at the front of S. 
alterniflora. Artificial landform remits the condition of nutrient deficiency in the 
surrounding spartina alterniflora population, but leads to more intense competition of 
ramet in the population for light and results in self-thinning of S. alterniflora population 
in summer, restricting the growth of young ramet in population, increasing the 
photosynthetic burden of leaves, hindering the normal withering process of leaves, 
raising the threshold value of ramet entering the process of generative propagation, and 
finally causing the degeneration of its generative propagation capacity at the end stage 
of growth season, which is reflected on the decline of seed setting rate in population. It 
indicated from the analysis result of element content and heat value of overground part 
of S. alterniflora that its variation difference in quadrats is relatively small, and also 
revealed that change of biomass is the main impact factor of element migration of 
overground part and energy distribution strategy of S. alterniflora. 
Emphasis was additionally done in this research on the importance of 
comprehensive consideration of scale and life history traits when assessing the 
influence of ecology of human activities. Sediment elements composition change 
caused by disturbed hydrodynamic process and its impact on life strategy of the typical 
plant spartina alterniflora loisel under the impact of artificial landform was first 
discussed in this research. The coastal zone areas are still crucially influencing the 
economic and cultural development of human society at present, but are also threatened 
by many aspects such as change of land utilization type and sea level rise. In this context, 
the harm on persistence of intertidal ecosystem around from disturbed hydrodynamic 
factors during the process of people exploitation at the coastal zone was revealed, and 
additionally, the necessity and urgency making the change of sediment stoichiometric 
ratio caused by hydrodynamic disturbance during the process of future exploitation as 
the long-term environmental effect for monitoring was emphasized in this research. 
Key-words：Saltmarsh；Artificial Landform；Elemental Stoichiometry；Spartina 
alterniflora 
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